This study experimentally investigated the influence of wake effect and production of mechanical power in wind tunnel of wind turbine arrays. Wind turbine arrays consist of 2 rows with 3 columns for spacing wind turbines in rows apart in the windward direction 1.77 rotor diameters and apart in the crosswind direction 8.85 rotor diameters. The wake characteristics such as profiles of time averaged velocity, turbulence intensity, centerline velocity deficit and wake radius for far wake regions in position 1, 2, and 3 were measured and analysed. The vertical and lateral profiles of velocity and turbulence intensity were studied. Concerning the results from measured data, empirical relations for the centerline velocity deficit, turbulence intensity and wake radius were proposed. Based on the experimental results, the power loss is due to the wake flow of upwind turbine approximately 20% when the downwind distance 8.85 rotor diameters. This is different with numerical result study that 11% at downwind distance is 8.85 rotor diameters. This difference results from the influence of ambient turbulence on the production of mechanical power of the wind turbine.
Introduction
Schreck et al (2008) have identified the most significant research topics about wind turbine dynamics, micrositing and array effects needed for characterizing wind resources and wind power generation. The micrositing and array of a wind turbine in the wind farm depends on a detailed knowledge of the development of the wake effect of a wind turbine. It is important to understand the interaction between the wake effect of a wind turbine and the atmospheric turbulence in order to predict its structural load and power performance (Magnusson et al., 1996; Thomsen and Sorensen, 1999) . This downstream velocity deficit can lead to power losses in wind farms that are approximately 15-35% when compared to the same number of turbines in isolation (Spera, 2009; Barthelmie et al., 2009 ). Models to estimate wake effect (e.g., Jensen 1983; Katic 1986) and turbulence levels inside a wind farm (Frandsen and Thogersen 1999; Wessel and Lange 2004) are based on simplified assumptions and, in general, turbine sitting layouts are not designed to account for all the complex dynamics involved in a wind farm.
Most studies divided the wake effect into the near wake and far wake regions (Vermeer et al., 2003; Chu and Ching., 2014) . The near wake region is considered to extend downwind of the rotor up to 1-3 rotor diameters. This region is characterized by the blade aerodynamics and the evolution of tip vortices (Whale et.al., 2000) . The far wake region (Hogstrom et al., 1988; Crespo and Hernandez, 1996) has found that the velocity distribution in the turbine wake exhibits a self-similar behaviour. The velocity deficit U c0 (=U 0 -U c ) at the 77entreline of the turbine wake can be described by the following equation:
Where U 0 is undisturbed wind velocity at the hub height, U c is the time averaged velocity at the centerline of wake flow, r is the rotor radius, z is the downwind distance from the turbine, k and n are constants. The experimental results show that these constants are in the range 1 < k < 3, and 0.75 < n < 1.25 (Hogstrom et al., www.ccsenet.org/mas Modern Applied Science Vol. 9, No. 11; 2015 1988 Vermeer et al., 2003) .
Chu and Ching (2014) categorized experimental studies on turbine wake into two types: laboratory experiments and field studies of full-scale turbines. The effect of turbulence was investigated by Sicot et al (2006) on the power production used wind tunnel experiment of a horizontal axis wind turbine. They measured the power and thrust coefficients in three turbulence levels (4.4%, 9.0% and 12%). The results showed that the influence of turbulence on turbine power output is insignificant. The turbulence intensity, I t (=u`/u avg ) is defined as the ratio of the root mean square of the velocity fluctuations, to the mean flow velocity.
Numerical results from Ismail et al (2014a) show that rectangular horizontal wind farm design with a rotor diameter 113 m, for spacing wind turbines in rows apart in the windward direction 1.77 rotor diameters and apart in the crosswind direction 8.85 rotor diameters constitutes of the most optimal result. Wind tunnel is used to investigate the influence of wake effect and power production in this study. Wind turbines and area used in this study to represent a wind farm to down-scale condition of the full-scale.
Description of Experiment Set-up
The experiments were carried out in an open-circuit, suction-type wind tunnel (Ismail et al, 2014b) . 
Results and Discussion
The results of the experiment to discuss and compares the influence of wake effect and power production. , 10 and 11 present the time averaged velocity profiles at different downwind distances of Position 1, 2, and 3. Because the velocity profiles are symmetrical, only the results in the positive y direction were shown. The evolutions of velocity deficit at the centerline U c0 at position 1, 2 and 3 are shown in Fig. 12 . The values of U c0 decay nonlinearly as the downwind distance increases. The relationship between the centerline velocity deficit U c0 and the downwind distance z at position 1 can be found by using regression analysis:
The coefficient of determination R 2 = 0.8929. In position 2, the centerline velocity deficit follows: 
The coefficient of determination R 2 = 0.9728. In position 3, the centerline velocity deficit follows:
The coefficient of determination R 2 = 0.9828. Notice that the indices n = 0.352, 0.518 and 0.524 are smaller than the values suggested by Vermeer et al. (2003) . This is because Eqs. (2), (3) and (4) such as case with Larsen et al (1996) , where a turbulent wake that is diffusing with zero ambient turbulence. In position 3, the coefficient of determination R 2 = 0.9728 more than precision compare result position 1, R 2 = 0.8929 and position 2, R 2 = 0.9728.
Chu and Ching (2014) defined the wake radius b as the distance from the centerline to the location where the velocity u(r) = 0.99U 0 . The wake radius as a function of downwind distances showed Fig. 13 at position 1, 2 and 3. An empirical equation for the wake radius in position 1 can be found:
The coefficient of determination R 2 = 0.9347. In Position 2, the wake radius is:
The coefficient of determination R 2 = 0.9609. In Position 3, the wake radius is:
the coefficient of determination R 2 = 0.9607. In position 2 and 3 the wake radius almost same in the coefficient of determination and more than precision compare result in position 1. (5), (6) and (7), respectively In this study, the power loss is due to the velocity deficit caused by the upwind turbine, and six of horizontal axis wind turbines were installed in the test section (see Fig. 3 ). The production of mechanical power of upwind turbine was measured at wind speed U 0 = 6.1 m/s. Wind turbine arrays consist of 2 rows with 3 columns for spacing wind turbines in rows apart in the windward direction 1.77 rotor diameters and apart in the crosswind direction 8.85 rotor diameters. The distance between the centerline of the turbine to the side wall of the test section was kept at least 0.551 m (=2.75D) to avoid the sidewall interference. The results are shown in Fig. 18 , as can be seen the generated mechanical power of downwind turbine is less than upwind turbine. The value of P 4 /P 1 = 0.77 at position 1, P 5 /P 2 = 0.81 at position 2, and P 6 /P 3 = 0.81 at position 3. This result is bigger than result of study numerically from Ismail et al (2014a) show value about 0.89. This caused the influence of ambient turbulence on the production of mechanical power of the wind turbine.
Conclusion
This study experimentally investigated the influence of wake effect and production of mechanical power in wind tunnel of wind turbine arrays. The wake characteristics such as profiles of time averaged velocity, turbulence intensity, centerline velocity deficit and wake radius for the far wake regions in position 1, 2, and 3 were measured and analysed. The vertical and lateral profiles of velocity and turbulence intensity were studied. To the time averaged velocity and turbulence parameters of the turbine wakes were all under the influence of ambient turbulence. Concerning the results from measured data, empirical relations for the centerline velocity deficit, turbulence intensity and wake radius were proposed. This profile can be used to predict the velocity variation in terms of the centerline velocity and to validate the simulation results of the numerical models. Based on the experimental results, the power loss is due to the wake flow of upwind turbine approximately 20% when the downwind distance 8.85D. This is different with numerical result study that 11% at downwind distance 8.85D. This difference results from the influence of ambient turbulence on the production of mechanical power of the wind turbine.
